To study the effects of physical conditioning on cardiac function and metabolism during hypoxia, rats were conditioned by swimming. Their isolated hearts and hearts of sedentary rats were studied under isovolumic conditions and also while performing external work. During isovolumic performance only minimal improvement in hypoxic cardiac performance was observed because of conditioning. While performing external work during hypoxia cardiac output and cardiac work were approximately twice as great in hearts from conditioned rats as in those from sedentary rats. There were also slightly higher peak systolic pressures and mean left ventricular systolic pressures during hypoxia. Oxygen delivery and lactate production during hypoxia were the same in hearts from conditioned and sedentary rats as were myocardial NADH fluorescence, residual high-energy phosphate stores, and myocardial glycogen levels. External efficiency in experiments on working rat hearts was twice as great during hypoxia in hearts from conditioned rats as in those from sedentary rats. The data suggest that hearts of conditioned rats have enhanced pumping capacity when subjected to hypoxia compared with hearts of sedentary rats. Oxygen delivery and energy formation during hypoxia are not improved in hearts of conditioned animals. The major reason for improved performance appears to be more efficient energy utilization for external cardiac work.
adenosine triphosphate myocardial mechanics • Previous studies from our laboratory (1) have demonstrated that isolated hearts from conditioned rats have enhanced cardiac reserve capacity when they are stressed by increasing the heart rate or raising the atrial filling pressure. Hearts of conditioned rats appear to have improved mechanisms of oxygen delivery and also increased cardiac actomyosin adenosinetriphosphatase activity (2) . Thus, at least two possible adaptive mechanisms may account for the greater Received October 4, 1971 . Accepted for publication January 28, 1972. intrinsic cardiac performance that results from the conditioning process.
Because of the probable beneficial role of physical training in patients with established or potential ischemic heart disease (3, 4) , it was considered important to determine whether physical conditioning would alter the cardiac response to hypoxia. Hearts from conditioned rats were studied in two different types of isolated heart perfusion systems. Hearts were studied in an isovolumic apparatus, because in the absence of ejection inferences can be made about the tension and velocity characteristics of the heart as a muscle. Hearts were studied in a working (ejecting) heart apparatus to furnish information about the heart as a pump. The results indicate that during hypoxia hearts of conditioned rats maintain enhanced cardiac output and cardiac work but that isovolumic performance is only minimally protected by prior physical conditioning. The improved external PHYSICAL TRAINING AND CARDIAC PERFORMANCE 419 performance cannot be attributed to increased oxidative or glycolytic metabolism but may be explained by increased cardiac efficiency as expressed by work output per unit of oxygen uptake.
Methods
Conditioning Program.-Male Wistar rats, with an original weight of 200-240 g, were made to swim 90 minutes per day for 5 days a week. A deep tank kept at a temperature near 33°C was used for swimming. The surface area of the tank was 375 inch 2 , and five to seven rats swam at one time. This geometry ensured enough interaction between rats so that they could not passively float. The swimming program was continued for 8 weeks before the hearts were studied. A series of rats taken from the same initial group as the swimmers, but kept at normal cage activity, were used for sedentary controls.
Heart Perfusion Systems.-The isovolumic perfusion apparatus has been described and diagramed previously (5) . For isovolumic studies hearts were perfused retrograde through the aorta in a gravity-flow system. In the current experiments, the left atrium and atrial appendage were tied with a ligature to ensure against any regurgitation from the left ventricle. The perfusion medium contained 143 mM sodium, 124 mM chloride, 25 mM bicarbonate, 6 mM potassium, 1.2 mM calcium, 1.2 mM magnesium, and 0.4 mM sodium EDTA. Glucose, 5 mM, was included at all times. During control periods the perfusion medium was bubbled with 95% O 2 -5% CO 2 , which maintained an oxygen tension above 600 mm Hg and a pH of 7.4. During hypoxic periods, the same medium was bubbled with a mixture of 95% room-air-5% CO 2 , which maintained the oxygen tension at about 140 mm Hg.
The perfusion apparatus was arranged with the gravity-flow reservoirs 88 cm above heart level. There were two parallel perfusion systems, either of which could be alternately switched into the perfusion line by a stopcock just above the aortic perfusion cannula. Thus, fully oxygenated and hypoxic medium could be changed abruptly. Perfusion flow rates were monitored by collection of all the cardiac effluent solution with a fraction collector.
For studying the working heart, the system was a noncirculating, isolated, working rat heart apparatus of the type described and diagramed by Neely et al. (6) In this apparatus the heart is perfused through the left atrium, and it ejects fluid from the left ventricle into the aorta. The atrial filling pressure for control periods was 10 cm. The overflow of the aorta dripped into a calibrated aortic chamber that was used to Circulation Research, Vol. XXX, April 1972 measure aortic flow. The effluent fluid that dripped out of the right ventricle was the coronary flow, and this was also measured in a calibrated chamber. The perfusion medium contained 143 mM sodium, 123 mM chloride, 25 mM bicarbonate, 6 mM potassium, 1.2 mM magnesium, 1.2 mM phosphate, 2.0 mM calcium, 0.5 mM disodium EDTA, and 5 mM glucose. The gas bubbled through the solution was 95% O 2 -5% CO 2 for aerobic periods. This maintained the oxygen tension of the perfusate above 600 mm Hg and the pH close to 7.4.
To maintain cardiac output during hypoxia two modifications were made. A lesser degree of hypoxia was used than in isovolumic experiments. For periods of hypoxia the perfusate was bubbled with 45% N 2 -50% O 2 -5% CO 2 , which maintained the oxygen tension near 350 mm Hg. The height of the aortic column was 62.5 cm, which was lower than we used previously in this apparatus (1) . Also, as with the retrograde apparatus there were two parallel systems either of which could be switched into the atrial cannula for an abrupt change from fully oxygenated to hypoxic medium.
In both systems the apparatus was in a water jacket so that perfusion was at 37°C. Left ventricular pressures were monitored through a flanged 17-cm polyethylene-90 catheter which pierced the left ventricular wall (1). The catheter was attached to a Statham P23Gb strain gauge. The system had a frequency response of 21 cps. The rate of left ventricular pressure rise (dP/dt) was recorded with a resistance-capacitance differentiating channel on an Electronics-for-Medicine photographic recorder. The time constant for the differentiating circuit was 0.5 msec, and the response was linear within 5% from 1-57 cps. Although the frequency response of the recording system may be borderline for the measurement of dP/dt at rapid heart rates, such a limitation would tend to mask any potential differences between control and conditioned hearts. The system was sensitive enough to demonstrate significant differences in this apparatus in our previous studies (1) . Recordings were made at a paper speed of 200 mm/sec. Peak systolic pressures were monitored on a full scale of 0-100 mm Hg for retrograde experiments and 0-200 mm Hg for working experiments.
Oxygen tension in the influent and effluent perfusion media was monitored as described previously (1, 7) .
To avoid bradycardia during hypoxia, hearts were paced through a platinum wire attached to a Grass SD 5 stimulator. The active lead was placed on the right ventricle for retrograde studies and on the right atrium for working studies, and the ground lead was placed on the aortic cannula. The constant pacing rate was 330 beats/min, which is the minimal rate necessary to constantly take over the pacemaker role in perfused rat hearts. The stimulus had an amplitude of 5 v and a duration of 4 msec.
For retrograde studies epicardial NADH fluorescence was monitored with a Chance type of compensated microfluorometer (8) .
Experimental Procedure.-Animals were rested the day before their hearts were removed for perfusion. Hearts from sedentary rats and from conditioned rats were paired and perfused alternately on the same day. Hearts were removed and mounted as described previously (1, 5) . Before perfusion the heart was cleaned and weighed in a tared beaker which contained cold medium. The heart was perfused retrograde through the aorta while the catheters and cannulas were placed.
In retrograde perfusion studies pacing was begun after 10 minutes of perfusion. Two groups of experiments were performed. In group 1, hypoxic solution (equilibrated with 95% room air) was switched into the perfusion line after 20 minutes of aerobic perfusion. After 5 minutes of hypoxia, fully oxygenated solution (equilibrated with 95% O 2 ) was restored for 5 minutes. In this group, dynamics were carefully recorded to determine if any differences in isovolumic dynamics were present during hypoxia and recovery in hearts from conditioned rats. Lactate output and epicardial fluorescence were also measured in this group. In group 2, the purpose was to determine more comprehensively the metabolic changes during hypoxia alone. The hearts in this group were perfused in the same manner as those in group 1, except that the experiments were terminated at the end of the hypoxic period by crushing the hearts with clamps previously cooled in liquid nitrogen. Measurements of myocardial glycogen, adenosine triphosphate (ATP), and creatine phosphate were made in these hearts. In group 2, oxygen, lactate, and pyruvate metabolism and epicardial fluorescence were also measured.
In experiments on working rat hearts (group 3), antegrade perfusion and pacing were begun after 10 minutes of retrograde perfusion. After a 5-minute control antegrade period, the hearts were perfused for successive 5-minute periods at 10 cm of atrial pressure with 95% O 2 , 10 cm of atrial pressure with 50% O 2 , 20 cm of atrial pressure with 50% O 2 , and 10 cm of atrial pressure with 95% O 2 . Measurements of oxygen tension and dynamics were performed during the fifth minute of each period and samples of fluid were taken for measurement of lactate and pyruvate. After these measurements were made, the aortic tubing was clamped just above the aortic cannula to deter-mine cardiac reserve during contraction against a "closed valve." In this situation contraction should be isovolumic. When the heart had reached a stable isovolumic ventricular pressure, the clamp was released.
Analysis of the Experiment.-At the end of the experiment hearts were removed and a portion of the ventricles was then taken for determining the dry weight. In hearts which had been clamped, ratios of dry to wet weight were determined in the undamped portion. Glycogen was prepared in KOH extracts by the method of Walaas and Walaas (9) , and the glucose was quantified enzymatically (10) . ATP and creatine phosphate were determined by the methods of Lamprecht et al. (11, 12) . For lactate and pyruvate determinations, perfusate was delivered into tubes containing 1 ml of cold 6% perchloric acid, and the substances were determined enzymatically (13, 14) .
The percent change in epicardial fluorescence was determined by recording the deflection caused by a standard amplification signal from the fluorometer for each heart. The amplification deflection was designated as 100% change and the base line as 0% change. This standard deflection was quite constant among different hearts.
Cardiac work and external efficiency were calculated as described previously (1) . Mean left ventricular systolic pressure was obtained by planimetry and is the average of three developed pressure curves at each point. Statistical significance was determined by analysis of variance, and when paired data were compared interaction was employed (15) . Regression equations and correlation coefficients were determined by standard formulas (15) . All flow-related data are expressed per gram dry heart weight. Table 1 shows the weight relationships in conditioned and sedentary rats. In all groups the body weights were lower and the ratios of heart weight to body weight were higher in conditioned animals. Heart weights are usually similar in control and physically trained rats (1, 16, 17) . In group 3, heart weights tended to be greater in conditioned rats than they were in sedentary rats.
Results
Results in Isovolumic Preparations.- Figure   1 shows the dynamic responses of group 1 to hypoxia and reoxygenation. Coronary flow was higher and left ventricular end-diastolic pressure tended to be lower in hearts from conditioned rats toward the end of the hypoxic period and during early recovery. measured developed systolic pressure were similar during hypoxia in hearts from conditioned and sedentary rats but tended to be higher at the end of the experiment in hearts from conditioned animals. Figure 2 shows the results of metabolic and fluorescent measurements in groups 1 and 2, and Tables 2 and 3 show some additional metabolic values for group 2. There were no significant differences in oxygen consumption, lactate production, or ratio of lactate to pyruvate in the effluent perfusion medium or in fluorescence during hypoxia. After 5 minutes of recovery, lactate production returned to the control value in hearts from conditioned animals but remained slightly elevated in hearts from the sedentary controls. Oxygen consumption and pyruvates were not measured during recovery. Oxygen extraction (influent-effluent oxygen content) ( Table 2) and effluent Po 2 were not significantly dif-ferent in hearts from conditioned and sedentary rats in group 2. There was virtually complete extraction of oxygen from the perfusing solution during hypoxia. Table 3 shows the results of glycogen and high-energy phosphate analysis after hypoxic perfusion in group 2. Although myocardial glycogen is higher in hearts from conditioned rats than it is in those from sedentary controls in the in vivo state (18) , this difference did not persist during hypoxia in contracting hearts. As would be expected in hypoxia, creatine phosphate levels were also depressed compared with those during in vivo or aerobic perfusion (18, 19) . They were not significantly different after hypoxic perfusion in hearts from conditioned and sedentary rats. ATP was not depressed significantly from in vivo levels.
To determine the usefulness of fluorescent change in predicting changes in lactate or ratios of lactate to pyruvate, correlations for these variables were calculated for hearts from conditioned and sedentary rats. Fluorescence change correlated significantly with lactate output in hearts of both control and experimental rats (P<0.01, r = 0.55), and ratios of lactate to pyruvate correlated in hearts from conditioned rats (P<0.05, r = 0.41). However the predictive value of fluorescence change was not quantitatively useful. Lactate production correlated highly with the ratio of lactate to pyruvate (P<0.001, r=0.80) in this experimental model. NADH fluorescence was useful for timing the metabolic changes resulting from hypoxia. No differences were observed between hearts from conditioned and sedentary rats in the onset of fluorescent change during either hypoxia or recovery. An increase in fluorescence was noted an average of 8 seconds from the onset of hypoxia, and a decrease occurred an average of 2.5 seconds after the beginning of reoxygenation.
Results in Working Hearts.- Figure 3 shows the dynamic results in working rat hearts (group 3). Performance tended to be better in the aerobic state in hearts from conditioned rats as has been noted previously (1) . With hypoxia, left ventricular systolic pressure, maximum dP/dt, and cardiac output fell. However, cardiac output was twice as high during hypoxia in hearts from conditioned rats as it was in hearts from sedentary rats. Hypoxia abolished the pressure, velocity, and cardiac output responses of the heart to a doubling of the atrial pressure. In the aerobic state this procedure increases all of these functions (1) .
During hypoxia the left ventricular enddiastolic pressure exceeded the value that was predicted from the height of the atrial reservoir. These values are shown in Table 4 . However, there was no significant difference in end-diastolic pressure between hearts from conditioned and sedentary rats during either full oxygenation or hypoxia. Figure 4 shows the relationship between work, mean (integrated) left ventricular systolic pressure, oxygen consumption, lactate 424 SCHEUER, STEZOSKI FIGURE 3 Effects of hypoxia on the performance of conditioned hearts in the working rat heart apparatus (group 3). PLVSP = peak left ventricular systolic pressure. CO = cardiac output. For PLVSP and MAX dP/dt, a shows performance during isovolumic clamping and b shows performance while the hearts were ejecting. All other symbols are the same as in Figure 1. production, and cardiac efficiency in group 3. Both work and mean left ventricular systolic pressure were higher in hearts from conditioned rats than they were in hearts from sedentary rats during the initial aerobic period and during hypoxia. As was noted previously (1) lactate production tended to be higher under aerobic conditions in the hearts from the sedentary controls. Cardiac efficiency was the same in hearts from conditioned and sedentary rats under aerobic conditions but was twice as high in hearts from conditioned rats during hypoxia.
In group 3 oxygen extraction and Po 2 in the effluent medium were higher than in group 1 ( Table 2 ), suggesting some reserve capacity for oxygen extraction by these working hearts. However there was no significant difference between hearts from conditioned and sedentary rats in group 3 regarding oxygen consumption, oxygen extraction, or Po 2 in the effluent medium. During hypoxia, the ratio of lactate to pyruvate was slightly higher in hearts from conditioned rats than in those from sedentary rats at 20 cm of atrial pressure. Glycogen levels (Table 3) were similar in hearts from conditioned and sedentary rats in group 3 at the end of the study. Cardiac work and metabolism in conditioned hearts during hypoxia in the working rat heart apparatus (group 3). The symbols and format have been described in the legends to Figures 1 and 3 . Work, qO z , and lactate output are per gram dry weight.
Discussion
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designed to investigate the mechanic and metabolic performance of hearts contracting isovolumically in an attempt to derive some information about relative changes in tension and contractility in hearts from conditioned and sedentary rats. That hearts were contracting isovolumically is supported by the observation that the peak left ventricular pressure during control and recovery periods just reached the level of the aortic perfusion pressure (Fig. 1) . Thus ejection during full oxygenation must have been insignificant. During hypoxia the peak left ventricular systolic pressure did not reach the aortic perfusion pressure. The left atrium was ligated so that significant mitral regurgitation could not occur.
Although individual contractions were therefore essentially isovolumic, gradual changes in diastolic pressure occurred during hypoxia. This was probably due to thebesian flow or a small amount of aortic regurgitation. The pressure change tended to be greater in hearts from sedentary rats than in those from conditioned rats, and the differences were particularly pronounced in the early recovery period. The differences in end-diastolic pressure must represent alterations in diastolic compliance or volume of these ventricles.
Although it is possible that the compliance relationships between hearts from sedentary and conditioned rats became altered during hypoxia, length-tension relationships have been reported to be the same in hearts from sedentary and conditioned animals (20, 21) .
If isovolumic performance during hypoxia was markedly improved by conditioning, we would have expected hearts from conditioned rats to maintain higher peak left ventricular systolic pressures and a greater maximum dP/dt than hearts from sedentary rats. Similar changes have been demonstrated during anoxia in this same apparatus in hearts with high glycogen stores (19) , indicating that the system is sensitive enough to detect changes in isovolumic performance. In the present studies there were no significant differences between hearts from conditioned and sedentary rats in either peak or developed left ventricular systolic pressures. Hearts from conditioned rats tended to develop the same systolic pressures from lower end-diastolic pressures; this suggests but does not prove the possibility of a greater inotropic state in hearts from conditioned rats during hypoxia. Therefore, the isovolumic studies suggest slightly improved performance during hypoxia in hearts from conditioned rats, as represented by a lesser end-diastolic pressure, and possibly volume, during hypoxia. Dynamics in the Working Rat Heart.-As was previously noted, dynamic performance was greater during oxygenation in hearts from conditioned rats than in hearts from sedentary rats (1) . During hypoxia left ventricular enddiastolic pressures exceeded values predicted from the height of the atrial reservoir (Table  4 ). In previous studies during full oxygenation end-diastolic pressure was similar to the predicted value. The mechanism of this pressure difference is not clear but may be related to atrial contraction occurring against a relatively noncompliant left ventricle during hypoxia.
During hypoxia small differences between hearts from conditioned and sedentary rats were noted in peak pressure development, mean left ventricular systolic pressure, and maximum dP/dt ( Figs. 3 and 4 ). These slight differences in performance confirm the minimal changes seen in the retrograde perfusion studies (groups 1 and 2).
The major dynamic differences noted during hypoxia were that cardiac output and cardiac work per gram of heart were approximately twice as high in hearts from conditioned rats as in those from sedentary rats during hypoxia. It has been previously re-ported that performance of isolated rat hearts corrected for heart weight is inversely related to their size (6) . Thus, greater performance in group 3 in hearts from conditioned rats with larger hearts implies an even greater effect of conditioning on these hearts. If the output and work data in Figures 3 and 4 were expressed per whole heart or per unit body weight, the differences between hearts from conditioned and sedentary rats in their capacity to deliver output or perform external work would be accentuated.
The possibility must be raised that the dynamic advantage of hearts from conditioned rats in group 3 depends on cardiac hypertrophy. Although this cannot be firmly denied, previous studies with hearts with conditioned rats demonstrate that improved dynamics and enzymatic changes are not the result of hypertrophy (1, 2) .
During hypoxia hearts from conditioned and sedentary rats failed to increase ventricular pressure, dP/dt, or cardiac output with increasing atrial pressures. During full oxygenation, Starling responses had been shown previously to be quite adequate (1) . This suggests that the limits of cardiac reserve capacity of hearts from both conditioned and sedentary rats had been reached. The view is further supported by the failure of left ventricular systolic pressure and maximum dP/dt to rise significantly during isovolumic clamping (Fig. 3) . During full oxygenation, this procedure produced marked changes in these measurements.
Our previous studies had indicated a greater coronary flow response in aerobic hearts from conditioned rats (1). This difference had previously been brought out during full oxygenation by raising the atrial pressure to high levels. This observation was consistent with previous anatomic and coronary-cast studies (17, 22) . In the present investigation an increased coronary reserve of hearts from conditioned rats was only observed during hypoxia in isovolumic studies. The reason for not detecting such changes in the working apparatus is not clear. In the isovolumic experiments 20% oxygen was used in the hypoxic perfusion solution, and in working experiments 50% oxygen was employed. With 20% oxygen all the oxygen was extracted from the perfusion medium and the Po 2 of the effluent fluid approached 0 mm Hg. With 50% oxygen the P02 was in the range of 50 mm Hg in the effluent medium. Myocardial Po 2 was also probably much lower in isovolumic studies. The level of myocardial oxygenation is thought to be an important control factor in the response of the coronary vasculature to hypoxia (23) . In working studies myocardial Po 2 may not have been low enough to fully stimulate coronary vasodilatation.
Metabolism and Energetic Relationships.-It has been suggested that isolated perfused rat hearts have borderline oxygenation, and may in fact be hypoxic even when they are perfused with a solution bubbled with 95% O L . (24) . This supposition appears to be based on studies in which intraventricular balloons were used. In those studies, coronary perfusion rates were lower than in the present studies. Lactate output and ratios of lactate to pyruvate in the effluent perfusion medium seem to be abnormally high, compared with studies reported here and previously reported from this laboratory (19) . Furthermore, we Circulation Research, Vol. XXX, April 1972 have previously demonstrated that in our retrograde perfusion systems myocardial glycogen and high-energy phosphate levels are maintained at or near in vivo levels during aerobic perfusion (19) .
Neither the present studies of isovolumic or of working performance demonstrated any differences in energy delivery between hearts from conditioned and sedentary rats during hypoxia as measured by oxygen consumption, lactate production, ratios of lactate to pyruvate, or residual glycogen or high-energy phosphates in the myocardium. In skeletal muscle, enzymatic adaptation to conditioning appears to occur in the pathways of aerobic energy production (25). The same does not appear to occur in hearts of conditioned animals (26, 27) . Therefore, differences in rates of energy formation probably do not account for the differences in cardiac work observed during hypoxia. This supposition is supported by the observation that the two major determinants of energy consumption, tension and contractility (28) , appeared to be only minimally different in hearts from conditioned and sedentary rats during hypoxia. The major difference between hearts from sedentary and conditioned rats during hypoxia seems to relate to fiber shortening (stroke volume). The ability to demonstrate differences during hypoxia in working hearts and not in isovolumic hearts relates to the lesser metabolic cost of fiber shortening as compared with tension development in myocardium. Thus hypoxic hearts from conditioned animals could achieve much higher cardiac outputs than hypoxic hearts from control animals with relatively little added energy cost. If this occurs in vivo, it would be a highly important adaptive alteration in the response of conditioned hearts.
Cardiac efficiency, as calculated from the caloric equivalent of oxygen consumption and the caloric equivalent of external work fell during hypoxia but remained higher in hearts from conditioned rats than it did in hearts from sedentary rats. During hypoxia, lactate output from hearts from conditioned and sedentary rats was similar. Anaerobic glycolysis would have contributed the same amount of energy to hearts from conditioned and sedentary rats and thus cannot account for the apparent greater external efficiency in hearts from conditioned rats during hypoxia.
The present studies indicate that the pumping capacity of hearts from conditioned rats has greater resistance to hypoxia than does that of hearts from sedentary rats. Whether ischemic or hypoxic hearts in intact physically trained humans act similarly is not known.
